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Excitations of the 2p subshell in the 3d transition metals and their oxides have been
studied by inelastic scattering of 75-keV electrons. The L,; “white lines” which arise
from dipole transitions to unoccupied d states have been investigated in terms of their
threshold energies, widths, and intensity ratios. Shifts in the L ; threshold energy between
the metal and oxide are different from the chemical shifts measured by x-ray photoemis-
sion spectroscopy and this suggests the importance of relaxation effects. Single-particle
calculations for the L3 spectra are also discussed. Measured L; linewidths are generally
larger than those predicted by suitably broadened theory. A variation from the statistical
L;-to-L, white-line intensity ratio of 2:1 has been observed across the 3d transition row,
with values ranging between 0.8:1 for Ti to 5:1 for FeO. This behavior appears to be as-
sociated with the white lines since Cu with a filled 3d band exhibits the statistical results.
It is suggested that the anomalous ratios may be explained by a breakdown of j-j cou-
pling caused by an exchange mechanism. Finally, the extended x-ray absorption fine-
structure-type structure extending several hundred eV above the white lines is analyzed
for Cr to provide the radial distribution function.

I. INTRODUCTION

The excitation of atomic inner shells by high-
energy electrons or photons provides a method for
studying the unoccupied conduction states in a
solid. These core-level processes are mostly sensi-
tive to final states since the initial states have nar-
row energy widths. Because of the predominance
of dipole transitions, excitation of the 2p electrons
for the metals of the first transition period can
give information about the unoccupied 3d states.!"?
Comparatively few such measurements, either by
electron scattering® > or x-ray absorption,®~!! exist
in the literature for this technologically important
group of metals which exhibits interesting magnet-
ic and electrical properties.

There are several reasons for the paucity of
x-ray absorption (XAS) data for these L,;
edges.!'12 A few earlier measurements exist using
conventional x-ray sources that are weak in intensi-
ty and not continuous in wavelength.>’ Problems
associated with counting statistics and specimen-
dependent nonlinearities occurred.!* Other experi-
ments were performed using self-absorption in x-
ray emission spectra®® but this method is indirect.
More recently, synchrotron sources have been used
to carry out x-ray absorption measurements,'! and
much accurate data has been collected at higher
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energies (e.g., Ref. 14). However, problems have
been encountered in the energy range 400— 1000
eV, where the L,; edges in the 3d transition metals
lie. This has been largely due to damage and con-
tamination of the crystals required to mono-
chromatize the intense photon flux from the syn-
chrotron.'? As is now well established fast electron
scattering provides an alternative method for excit-
ing core levels (e.g., Refs. 3—35, 15 and 16). Al-
though much data has been obtained in the range
of energy losses below 300 eV, few instruments
have been able to provide well-resolved data at
higher energies.

The purpose of this paper is to present a sys-
tematic study of core excitation spectra for metals
in the 3d transition row and their oxides. We
(R.D.L. and L.A.G.) have recorded electron-
energy-loss spectra (EELS) at 75-keV incident ener-
gy from thin films in a transmission electron mi-
croscope combined with a Wien filter spectrometer
capable of 1-eV resolution.!” This system has an
important advantage of allowing the accurate char-
acterization of the sample in terms of a selected
area electron diffraction pattern and an image,
while spectra can be obtained from precisely the
same region. We shall examine our data to estab-
lish trends within the period and to compare re-
sults with theory.
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Previous work has shown that the 3d transition
metals have L,3;-edge spectra dominated by intense
sharp peaks a few eV wide.3~!! These are also
seen in the L,3; edges of the other transition
periods and have been dubbed “white lines” since
they were first discovered in x-ray absorption spec-
tra recorded on photographic film.2 The white
lines result from transitions from the 2p levels to
the large unoccupied 3d density of states. We ob-
serve variations in the relative intensities, widths,
and energies of these white lines, between different
metals and between a metal and its oxide.

In the case of x-ray absorption, dipole selection
rules apply (Al =+1) so the final states have s or
d symmetry, the d states being by far the most
strongly peaked and the most favored in the transi-
tion."* The photoabsorption cross section is thus
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where €, a unit vector in the direction of q, plays
the role of the electric field polarization vector & in
the case of x-ray absorption. Within the small-
scattering-angle approximation, which requires the
momentum transfer g <<7, ' where r, is the radius
of the core orbital, the matrix element in Eq. (3)
can be reduced to (f |€,°T|i), and the quadru-
pole and higher-order terms can be neglected.?’
The differential cross section is then of the same
form as that in Eq. (1), so in this limit we expect a
complete correspondence between energy loss and
photoabsorption data, as is well known (e.g., Ref.
21).

While in the 4d and 5d transition elements the
L; and L, edges (2p;,, and 2p,,, excitations,
respectively) are well separated in energy, in the 3d
transition elements the spin-orbit splitting is only
5—20 eV, so structure from the two edges over-
laps. The factors which govern the relative
strengths and shapes of these white lines are not
completely understood, and this work sets out to
investigate them experimentally. We also compare
our data with previous L,; edge measurements. In
addition to XAS and other EELS data we consider
x-ray photoelectron spectroscopy (XPS). The latter
probes the occupied core levels and is less sensitive
to the state of the excited electron, provided the in-
cident energy is much greater than the core-bind-
ing energy. Such data are useful in determining
the binding energy of core levels with respect to
the highest occupied valence states in the sample.?

In the single-particle approximation, the mea-
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written within the single-electron model and the
first Born approximation in terms of a dipole ma-
trix element between an initial core state (i | and
final state | f) as'®

47%e?
fic
where E is the photon energy and € is a unit vector
in the direction of the electric field. The cross sec-

tion for inelastic scattering in a transition between
two similar states is given by'®

2 4
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where q is the momentum transfer, E is the energy
transfer, and v is the incident electron velocity.
Equation (2) can be expanded as

)

sured intensity in the energy-loss (or photoabsorp-
tion) spectrum above an inner-shell edge may be
decomposed into the product of an energy-
dependent matrix-element factor P(E) and a pro-
jected density of states N (E) with appropriate
symmetry2:

I(E)<P(E)N(E) .

2

) 3)

4)

The fine structure near the core-edge onset is
therefore expected to reflect the density of states
obtained from a band-structure calculation only if
the matrix-element factor is slowly varying in that
energy region. With the advent of new computing
techniques and larger, faster machines, theoretical
one-electron band calculations extending several
rydbergs above the Fermi level have recently be-
come possible.?*?* We compare our measured re-
sults with calculations for the absorption spectra.
While we find that the general features of our
spectra for the metals can be understood in terms
of state densities, striking variations in the relative
white-line intensities are as yet unexplained.’ Fur-
ther, no theoretical calculations exist with which to
compare the observed spectral changes upon oxida-
tion.

II. EXPERIMENTAL
A. Instrumentation

The experimental system for recording the spec-
tra has been described previously.!” This consists
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of an HU11A transmission electron microscope
combined with a retarding field Wien filter spec-
trometer. Using the electron microscope in the .
selected area diffraction mode, a 4-um spot of 75-
keV electrons is incident on the specimen with a
beam divergence of less than 107> rad. An en-
trance slit to Wien filter spectrometer selects elec-
trons according to their scattering angle and the
spectrometer disperses them in a direction perpen-
dicular to the slit. Spectra are recorded by scan-
ning the energy-loss intensity across an aperture
and scintillator and counting single pulses from a
photomultiplier. In the present experiments the
aperture subtended a scattering angle of +2 mrad
corresponding to momentum transfers up to 0.3
A~ for which the dipole approximation (above)
holds. In order to extend the energy range of the
spectrometer to the core-edge region of several
hundred eV, a —3-kV adjustable power supply has
been installed (P.L.F.). The ground of this supply
is connected to the electron-gun high voltage, en-
abling the spectrometer offset voltage to float.
Thus the spectrometer setting is insensitive to fluc-
tuations in the microscope high voltage. The
power supply provides a manually adjusted ener-
gy-loss offset, while digital scans of an additional
0—200 eV are controlled by a microcomputer,
which also stores and displays the spectrum.?>26
After acquisition, the data is uploaded to a
PDP11/20 computer for processing. Since the
spectrometer has a resolution of better than 0.1 eV,
the energy resolution of the measured spectra (1 or
2 eV) is determined mainly by the thermal spread
of the incident beam. Absolute measurement of
the energy losses is accurate to about 0.5 eV.

B. Samples

Thin polycrystalline metallic films were prepared
by electron-beam evaporation in an ion-pumped
high-vacuum system at a base pressure of about
2% 1078 Torr. Film thicknesses of 15-nm titani-
um, 15-nm chromium, 26-nm iron, 9-nm nickel,
and 24-nm copper were measured using a quartz-
crystal thickness monitor situated near the sub-
strate, which was the (100) face of a cleaved rock-
salt crystal. All the metal films obtained in this
way were polycrystalline with a grain size between
5 and 100 nm. They were floated off in ethanol
and supported on 3-mm diam. copper grids (400
mesh per inch). Oxide films were prepared by
heating in air metal films already supported on
grids. The samples were all characterized by

means of electron diffraction and imaging in the
microscope before data collection. The polycrys-
talline ring diffraction patterns were matched to
the d spacings as given by the x-ray powder dif-
fraction file.?” This enabled us to determine the
oxidation state of the oxide films and also to verify
the metal film purity. Grain sizes for the oxides
were generally larger than those for the metals, re-
sulting in sharper rings. Images and indexed dif-
fraction patterns are shown in Figs. 1(a) and 1(b)
for Ni, and in Figs. 1(c) and 1(d) for NiO. In the
case of Ti a 4-nm Cr film was evaporated on both
sides to protect the metal against oxidation. It is
noted that absorption of Cr into Ti is less than 1%
(Ref. 28), and the Cr and Ti Ly; edges were suffi-
ciently separated to eliminate peak overlap prob-
lems. There was little sign of an oxygen K edge in
the metal energy loss spectrum (see below), indicat-
ing that the films were reasonably pure.

One of the most important considerations in our
experiment besides specimen composition is speci-
men thickness. Because electrons interact strongly
with matter, the probability of plural scattering in-
volving valence-electron excitation is large for
thick films.?® The effect of plural scattering on
the core edges is to convolute the desired single-

(b)

[200]

FIG. 1. (a) Electron micrograph of Ni foil showing a
grain size of ~20 to 40 nm. (b) Electron diffraction
pattern of fcc Ni foil. (c) Electron micrograph of NiO
foil showing a grain size of ~2 to 4 um. (d) Electron
diffraction pattern of fcc NiO foil.
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FIG. 2. Energy-loss spectrum from 15-nm Cr foil up
to energy loss of 40 eV. A broad plasmon peak is seen
at 22.5 eV.

scattering distribution by the low-loss region of the
spectrum. This produces additional peaks at the
plasmon energies (<25 eV) above edge onset and
otherwise distorts the spectrum. The total mean
free path for inelastic scattering is typically 50 nm,
at the incident beam energy of 75 keV used in our
experiment. A sample thickness <<50 nm should
therefore be chosen to minimize these effects and
this has been done in the present work. An esti-

mate for the amount of plural scattering can be
made by measuring the intensity ratio of the
plasmon- and zero-loss peaks. To illustrate this we
show in Fig. 2 the energy-loss spectrum integrated
over all scattering angles for Cr up to 40 eV. Even
though plural scattering is discernible its effect on
the core edge within the first 20 eV above thresh-
old is small and can be neglected for analysis of
the near-edge fine structure.

Thickness effects are also important in x-ray ab-
sorption measurements'® with which we shall com-
pare our data. These come about because of the
finite resolving power of x-ray spectrometers (ener-
gy width of the monochromated beams) and also
from the presence of impurity wavelengths. In the
region close to threshold where sharp lines occur,
the measured absorption coefficient can be strongly
thickness dependent (e.g., Refs. 2 and 6). Also, ir-
regularities in thickness over the 1 —10 mm? sam-
ple area being probed can lead to further spectral
distortions. For the 3d transition-metal L spectra,
the optimum thickness of 1/(x-ray absorption coef-
ficient) is only about 0.3 um, and it is difficult to
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produce a large uniform foil so thin. It is not
clear to what extent nonlinearities are present in
synchrotron x-ray absorption spectra recorded by
electron yield, which is essentially a surface tech-
nique.’> Although corrections can be applied for
some of these effects, it is difficult to eliminate
them completely. Consequently, the relative peak
intensities of existing x-ray absorption data are
probably less reliable than those of the equivalent
electron-energy-loss data, although the peak ener-
gies may be measured accurately by both methods.

III. RESULTS AND DISCUSSION
A. General features of the 2p core edges

Before examining in greater detail the shapes of
the 2p edges at a resolution of ~1 eV we first
present in Figs. 3—6 spectra recorded with ~2 eV
resolution over an extended energy range for Ti,
Cr, Ni, and Cu together with their oxides. These
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FIG. 3. Lj; edge in Ti and TiO,; over an extended
energy range. In the metal the Cr L,; edge is also visi-
ble due to a protective layer of Cr coating the Ti. In
TiO, spectrum. The oxygen K edge is seen at 531 eV.
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FIG. 4. Ly; edge in Cr and Cr,0;. The Cr spectrum
extends over 400 eV above threshold and includes the L
edge at 696 eV. The oxide spectrum shows a strong O
K edge at 531 eV.

figures show the relative magnitude of different
features in the spectra. The sharp double peaks at
threshold arise through transitions from the 2p
core levels to the narrow unoccupied d states in the
transition elements. Lowest in energy is the tran-
sition from the 2p;/, level (L; edge) which is
separated from the 2p,,, transition (L, edge) by
the spin-orbit splitting. This energy difference in-
creases across the period from 6 eV in Ti to 20 eV
in Cu, in agreement with binding energy data.’!
Copper metal has a filled 3d band and hence does
not exhibit sharp white lines; only steps are seen at
the two edges.

In the case of Ti and TiO, (Fig. 3), the L3
white lines overlap, but are clearly resolved. The
Cr L,; peaks appearing in the Ti spectrum at 575
and 585 eV are due to excitations from the 4-nm
chromium oxide thicknesses sandwiching the Ti
film and acting as an oxide barrier. The success of
this scheme is evaluated by comparing the integrat-
ed area under the oxygen K edge (531 eV) in TiO,
with that of the residual oxygen peak in the
chromium coated Ti, yielding an upper limit of
~10% oxidation. Further, the onset energy of the
residual oxygen K edge corresponds to that of oxy-
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FIG. 5. L-edge spectra over an extended energy
range for Ni and NiO, showing strong L,; white lines.

l J Cu0

Cu

INTENSITY

1

1 1
920 960 1000
ENERGY LOSS (eV)

FIG. 6. L,; edge spectra from Cu and CuO extend-
ing ~100 eV above threshold.
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gen embedded in chromium rather than in Ti.*?
The L,; white lines in the 3d transition metals are
all highly visible above the pre-edge background.
In the case of Ti, we measure a jump ratio of 2.7:1
for the first peak. Intensity modulations after the
L,; lines are equivalent to extended x-ray absorp-
tion fine structure (EXAFS), and this complicates
the spectral shape in the region of the oxygen K
edge in TiO,. EXAFS analysis has been carried
out by Denley et al.!! for the titanium L,; edge in
recent synchrotron x-ray absorption measurements
recorded at an energy resolution of ~5 eV. Such a
resolution just resolves the two white lines but is
quite adequate for determining the radial distribu-
tions from the slowly varying EXAFS modula-
tions.

In chromium the spin-orbit splitting has in-
creased to 9 eV and the white lines are better
separated, as seen in Fig. 4. The EXAFS modula-
tions in Cr metal are easily visible and we show
below how this data can be tranformed to give the
radial distribution function. A proper analysis re-
quires that we take into consideration the L edge
(2s shell) which is comparable in amplitude to the
EXAFS modulations. This 2s excitation to states
of p symmetry appears as a weak edge at 696 eV in
Fig. 4. The unoccupied p states are much more
spread out in energy than the sharply peaked d
states, and hence we do not expect a narrow white
line at the L threshold. Since the 2s level has a
shorter lifetime than the 2p level, it has a greater
energy width associated with it**34 (~5 eV for the
L, shell compared with ~0.3 eV for the L shell).
This causes a further broadening of the L, edge.
We note the virtual absence of an oxygen K edge
in the Cr spectrum, assuring us of the relative pur-
ity of the metal, while Cr,0O; exhibits a prominent
oxygen K edge, as well as the sharp L,; peaks.

Spectra for Ni and NiO in Fig. 5 are again dom-
inated by strong white lines. In the ensuring fig-
ures, we have stripped off the pre-edge background
by fitting it to a power law of the form AE ~".%
In Fig. 5, the intensities far above threshold (at
1000 eV) were normalized to the same value for
both spectra. After normalization it is apparent
that the white-line intensity relative to the slowly
decreasing tail increases dramatically in the oxide
with respect to the metal. Also we see that the in-
tensity after the L; peak falls almost to the back-
ground level. EXAFS modulations and a weak
broad L, edge (1008 eV) are evident in both metal
and oxide. Kiyono et al.!® have measured the Ni
L,; edge up to 1300 eV by x-ray absorption using
a conventional x-ray tube source and we find our

data to be in good agreement.

In the case of copper and copper oxide the back-
ground was subtracted and the intensities normal-
ized to the same value at ~ 1000 eV as was done
for nickel. Figure 6 shows that the resulting spec-
tra have poorer counting statistics than for the
lower Z elements as expected from the decreasing
cross section with increasing energy loss. (In an
attempt to maximize signal, we have increased the
filament current and the resulting energy resolution
has been degraded to ~4 eV.) The absence of a
white line for copper is due to a filled 3d band.
Only steps are present corresponding mainly to
transitions to the relatively flat region of the densi-
ty of states with some d character. Transitions to
s states, although allowed by the dipole selection
rules, are much less important.!®?* The reappear-
ance of white lines in CuO suggests a partial emp-
tying of the Cu3d band. However, their relative
intensity is much reduced in relation to the tran-
sition-metal oxides above. Our measured spectrum
for copper is consistent with the x-ray absorption
data of Bonnelle® and Kiyono ez al.,'® which also
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FIG. 7. L,; white lines in Ti and TiO,.
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FIG. 8. L,; white lines in Cr and Cr,0s.

show no white lines at threshold. The fine struc-
ture visible near the L,; edges in Fig. 6 is dis-
cussed below.

B. Chemical shifts and fine structure

We now examine with a higher energy resolution
of ~1 eV the spectral shapes in the vicinity of the
L,; white lines. We consider first shifts in thresh-
old energy and later variations in fine structure be-
tween a metal and its oxide. Results for Ti, Cr,
Fe, Ni, and Cu together with their oxides are
shown in Figs. 7—11, respectively. In all cases the
background intensities preceding the edge have
again been fitted to an inverse power law and sub-
tracted off so that only the L,; intensity remains.>
Multiple scattering by a core loss and a bulk
plasmon which would occur at ~20 eV above the
L; (L,) threshold is plainly absent from the Ti,
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FIG. 9. L,; white lines in Fe and FeO.

Cr, Fe, and Ni spectra. For Cu a plasmon super-
imposed above the L; white line would coincide
with the L, onset, but from the rest of the spectra
we may safely infer that multiple scattering is
unimportant. Hence the measured intensities are
essentially the single-scattering distribution.

Our measured EELS L; edge energies are listed
in Table I. We note that although the absolute
value of the threshold energy measured from the
half-height of the white line was only accurate to
+1 eV, the shift of the L; edge in the metal rela-
tive to the oxide could be measured to within +0.2
eV. This accuracy was achieved by mounting both
the metal and oxide films on the same grid so that
spectra from both could be recorded in rapid suc-
cession in the electron microscope with the spec-
trometer offset fixed.

For purposes of comparison, we also list in
Table I x-ray photoemission spectroscopy (XPS) L,
metal binding energies,’! and also the reported
XPS “chemical shifts”?¢~% between metal and ox-
ide energies at onset.*! (In XPS, a high-energy
photon is absorbed, exciting the core photoelectron
to states far above the Fermi level. The photoelec-
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FIG. 10. L,; white lines in Ni and NiO.

tron then exits the target where it is detected using
an energy dispersive analyzer.) We see from Table
I that for the metals, the XPS binding energies are
generally in good agreement with the EELS edge
energies. However, the two sets of chemical shifts
differ markedly. In particular, the XPS differences
(oxide-metal) are significantly larger than our
EELS differences. Further, in photoemission, the
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FIG. 11. L,; edges in Cu and CuO.

oxide L3 binding energy is always larger than in
the corresponding metal, whereas in energy loss,
the oxide-edge energy is found to be sometimes
higher (Ti,Cr,Fe), sometimes lower (Ni,Cu) than
in the metal.

In an attempt to interpret these observations, we
resort first to a simple one-electron transition
scheme shown diagrammatically in Fig. 12. In

TABLE I. L;-edge energies determined from the EELS spectra for the oxides and the corresponding metals. The L;
binding energy of the metals determined from XPS (Ref. 31) is also shown and the XPS chemical shift between the
metal and oxide L ; energy is compared with the EELS chemical shift. The difference between the two appears in the

next column, and is larger than half the oxide band gap.

EELS XPS L, XPS Difference

EELS L; chemical shift metal chemical shift in Oxide

edge energy of L; edge binding of L; edge chemical shifts band
Oxide  Oxide Metal (oxide-metal) energy (oxide-metal)  Ref.  (XPS—EELS) gap Ref.
TiO, 459+1 458+0.2 1.4+0.2 455+1 4.9+0.3 36 3.5+0.5 3.0—-3.9 48,49
Cr,0; 576 575 1.0 576 2.6 37 1.6 1.6—2.1 49,50
FeO 707 706 1.4 707 3.8 38 2.4 3.7 51
NiO 854 854 —0.2 854 1.6 39 1.8 3.7 49,51
CuO 931 933 —2.1 933 1.1 40 32 2.0 52
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FIG. 12. Energy-level diagram showing initially pro-
posed relation between XPS chemical shift, Axps, and
the difference in EELS threshold energies between the
metal and oxide. This depends on the band gap, A,
and the core exciton shift, A.,..

both the XPS and EELS experiment, an electron is
gjected from the 2p core level. In XPS the excited
electron has a large kinetic energy of, typically, a
few hundred eV or more. Hence the final state of
the XPS core electron is essentially independent of
the sample band structure and we expect the
metal-oxide chemical shift to be a measure of the
difference in energy between the respective 2p core
levels. The difference is labeled “Axps” in Fig. 12,
where the oxide 2p level is shown as lying deeper
than in the metal. (Upon oxidation, valence-elec-
tron charge is transferred from metal to oxide,
altering the atomic potential. Shielding of the 2p
orbitals is slightly diminished resulting in an in-
crease in the oxide core-level energy.*?)

In EELS or XAS, a core hole is also created via
excitation of the 2p electron. However, in contrast
to XPS, at threshold this electron is excited to the
lowest unoccupied states in the material. Hence
the measured edge energy depends strongly on the
band structure. For a metal, the transitions at
threshold are to the unfilled portion of the conduc-
tion band lying just above the Fermi level (Fig. 12).
The oxides considered herein are all insulators.
Hence a band gap “Ag,,” appears between the
filled valence and unfilled conduction bands, with
the Fermi level, €7, near the center. Also in insu-
lators, the core hole is incompletely screened from
the excited electron and a core exciton final state
may be formed,?>*~*7 lowering the excitation en-
ergy by “Acyciton-” The resulting transition is
shown in the oxide portion of Fig. 12. From this
figure, we now deduce the relationship between the
metal-oxide core-level chemical shift is measured
by EELS vs XPS:

Axps —ApErs =Aexc —Bgap/2 (5)
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The difference between the XPS and EELS
chemical shifts along with the reported oxide band
gap*® 32 are listed in Table I. Using these num-
bers in Eq. (5), we find a disconcerting resulit,
namely, that the excitonic shift is usually found to
be greater than the band gap between the valence
and conduction bands. This implies that the core
exciton state lies at an energy below the top of the
valence band, a highly unphysical result.’> This
finding signals a breakdown of our single-electron
transition scheme for interpreting these chemical
shifts.

In order to find an explanation for this apparent
discrepancy in the interpretation of our chemical
shift data, we must take into account various
many-body relaxation effects which alter the above
single-electron transition picture. Quantitative
treatment of such effects has not been attempted
for the materials under study and is beyond the
scope of this paper. We present here only a quali-
tative discussion in order to suggest an explanation
for the inadequacy of the above approach.

When a core electron is ejected in either EELS
or XPS, a hole of positive charge is created toward
which the remaining one-electron orbitals relax
adiabatically. In XPS, additional energy is impart-
ed to the outgoing electron, reducing the core-level
binding energy by ,, the relaxation energy.* In
EELS, the energy transfer from the incident high-
energy electron to the excited core electron is re-
duced by €,. In either case, then, relaxation lowers
the measured energy of onset from the original
one-electron orbital value. This effect is greater in
metals, where the valence charge is more effective
at screening, than in insulators, where screening is
less.

Herbst and Wilkins®® have undertaken systemat-
ic calculations for the excitation energies of the 3d
levels in rare-earth metals. In order to obtain
agreement with the experimental XPS binding en-
ergies, they find it necessary to include the effects
of the fully relaxed core hole. For the M,s level of
La at 844 €V, an energy similar to the L,; levels
studied in the present work, the relaxation correc-
tion amounts to 20 eV. Calculations for the 2p re-
laxation energy in atomic Mn and Cu are of simi-
lar magnitude.’® Hence relaxation is a significant
effect, and small differences in it between the dif-
ferent core spectroscopy processes could easily be
of the same magnitude as the differences in the
measured chemical shifts.

Indeed, one might well expect relaxation in XPS
vs EELS to be inequivalent since the perturbations
to the electronic system produced by these two ex-
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periments are quite distinct. In EELS (and in x-
ray absorption as well) the excited 2p electron is
promoted to a localized 3d state. Therefore, the
core hole remains screened and the distribution of
valence electrons is similar to the ground state. In
XPS, on the other hand, the excited electron is
ejected to energies far above the Fermi level, leav-
ing behind the bare core hole. As noted previous-
ly, the reaction to the core hole is quite different in
the metal and in the oxide. In the metal, the core
hole is well screened by a relaxation of the other
conduction electrons, while in the oxide, which is
an insulator, the core hole is poorly screened.
These differences in screening and relaxation be-
tween XPS and EELS and further between a metal
and its oxide probably lead to the difference in
chemical shifts observed between the two experi-
ments.

In addition to differences in threshold energy,
we also observe fine-structure variations between
the metal and oxide spectra shown in Figs. 7—11.
We consider first the spectra of Ti and TiO,
shown in Fig. 7. Despite the similar shapes of
these spectra over a broad energy range (Fig. 3) we
now see that each of the L; and L, peaks in the
oxide is split into two components separated by 2.5
eV. The L;-L, spin-orbit splitting of 5.5 eV in
both Ti metal and TiO, agrees closely with the
XPS binding energy data of Cardona and Ley*!
who give a value of 6.1 eV. Our spectrum for Ti
metal is consistent with a previous energy loss
measurement by Trebbia* recorded at ~3 eV reso-
lution. The only data for TiO, are x-ray self-
absorption measurements by Fischer et al.®® ex-
tending to the L, edge onset. In these spectra the
L peak is also seen to be split into two com-
ponents and this is explained in terms of the crys-
tal field. Fischer’s interpretation® of the spectrum
uses the cluster molecular-orbital approach rather
than the density of states derived from band struc-
ture; octahedral coordination of Ti atoms with ox-
ygen splits the degenerate unoccupied 3d states
into a lower energy 2¢,, molecular orbital level and
a higher energy 3e; level. Such a molecular orbital
description may be reasonable for the transition-
metal oxides where states are expected to be local-
ized, but it can only predict spectral peak energies,
not their shapes or widths. For the metals a
band-structure model is necessary, and this is also
desirable for the oxides.

For the case of Cr and Cr,0; no additional fine
structure is resolved in the vicinity of the L,;
white lines. Figure 8 shows that whereas the L;
and L, lines are asymmetrical in the metal, rising
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more abruptly on the low-energy side, in Cr,04
they are nearly symmetrical. This shape, which we
find in TiO, as well as the other oxides, is further
evidence for excitonic behavior as discussed by
Brown et al.® The skewed shape seen in the met-
als indicates a high density of states embedded in a
continuum.?

We can compare our EELS Cr and Cr,0; mea-
surements with x-ray self-absorption data of Fisch-
er’ who finds additional weak structure within the
L and L, peaks having 1 eV or so spacings. The
general shape of Fischer’s spectrum fits with ours
and also with other x-ray absorption work on Cr
metal by Bonnelle® and Brytov et al.’

A difference in line shape between metal and ox-
ide is also evident for Fe and FeO in Fig. 9. The
Fe L; and L, edges are separated by a spin-orbit
splitting of 13 eV and the two edges have similar
shapes. Between the two white lines there is a sub-
sidiary weak shoulder in the Fe spectrum at 714
eV and also a weak shoulder in FeO at 716 eV.
The metal spectrum is consistent with the x-ray
absorption data of Bonnelle® who finds a similar
feature above the L; edge.

In Ni and NiO, the existence of a core exciton is
again supported by the symmetrical L line shape
in the oxide compared with the skewed shape in
the metal. A weak shoulder is observed in the Ni
spectrum between the L3 and L, edges at 862 eV,
again in agreement with Bonnelle’s data.5 The
NiO spectrum has a weak shoulder at 861 eV and
the intensity falls almost to zero, then rises to
another weak peak at 868 eV before the L, line oc-
curs 17.5 eV above the L; excitation. Our results
for NiO are consistent with Bonnelle’s, except that
we do not resolve double maxima at the L,3 lines.

Copper does not exhibit a white line because the
3d conduction band is filled but some fine struc-
ture is observed above the L; threshold in Fig. 11.
[This spectral region is shown with greater energy
resolution (2 eV) as the middle curve in Fig. 15
where the filament heating current and hence the
beam energy spread was reduced.] Despite the
poorer statistics, a series of three peaks is visible
centered at 934.5, 938.5, and 942.5 eV, in agree-
ment with x-ray absorption work of Bonnelle® and
Kiyono e al.'® Structure above the L, edge is
complicated by overlap of the L; structure but a
clear second step is observed in Fig. 11 at 959 eV
consistent with Kiyono’s data. This fine structure
will be discussed in more detail in the next section
and must be interpreted in terms of the final-state
density derived from band calculations. In CuO
electron transfer occurs from the 3d orbitals in Cu
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to the oxygen atoms to give some unfilled d states.
Hence in a rigid-band model, one expects the Fer-
mi level in CuO to be lowered into the Cu d bands,
which are themselves assumed to be unchanged by
oxidation. This provides an explanation both for
the reappearance of the white lines in CuO (al-
though they are much weaker than in NiO; cf.
Figs. 5 and 6) and also for the lowered EELS
threshold energy of the L; edge in CuO compared
to Cu noted above in Table I. However, the rigid-
band model is an oversimplification, since it ig-
nores the creation of an insulating band gap in the
oxide. Nonetheless, it provides a useful framework
for interpreting the Cu-CuO spectra at threshold.

C. White-line widths: Comparison between
single-particle calculations and
experimental results

Here we compare the measured widths of the L,
white lines and also their fine structure with the
results of a systematic linear augmented plane
wave (LAPW) calculation for the 3d transition
metals by Miiller, Jepsen, and Wilkins.?* Compar-
isons to other existing calculations are also made.
There is no corresponding theoretical development
for the oxides.%

Table II summarizes the experimental and
theoretical results for the white-line widths. Note
the following features. (i) The observed L; width,
i.e., the full width at half-maximum (FWHM), de-
creases from 4.9 eV in titanium to 3.2 eV in nickel.
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FIG. 13. LAPW calculation for the unbroadened L,
edges in selected 3d transition metals (Ref. 24).

This decrease is consistent with a model in which
the observed width is due to the steadily decreasing
width (as Z increases) of the unfilled portion of the
3d band. (ii) The calculated unfilled portion is al-
ways smaller than the measured width reflecting
the presence of additional broadening mechanisms
(discussed below). (iii) The measured white-line
width for any oxide is less than that for the corre-
sponding metal (note that Cu has no white line
since its 3d band is full).

In Fig. 13 the calculated L absorption spectra*
are shown for titanium to copper. The principal
feature for Ti to Ni is the white line due primarily
to transitions from the 2p;,, core level into the un-
filled portion of the 3d band. The transition into

TABLE II. Intrinsic widths due to core lifetimes for the metal L3 and L, atomic levels
from Krause et al. (Ref. 33). The measured L; white-line widths for the metals and oxides
are shown in column 3, and the measured widths corrected for instrumental resolution in
column 4. The width of the unfilled portion of the metal 3d band calculated by Miuiller and

Wilkins (Ref. 24) is given in column 5.

Calculated
Intrinsic width (eV) Measured Corrected empty 3d-
Material Ly L, L; FWHM L; FWHM band width
Ti 0.22 0.33 4.9+0.3 4.6+0.3 2.9
TiO, 4.1 4.0
Cr 0.27 0.47 4.5 43 2.6
Cr203 3.5 3.2
Fe 0.36 0.65 3.8 35 0.7
FeO 2.8 2.4
Ni 0.48 0.88 3.2 3.0 0.1
NiO 1.9 1.2
Cu 0.56 1.10 0
CuO 1.8 1.3
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the 4s band (which overlaps the 3d) is considerably
weaker due both to the order-of-magnitude smaller
transition rate (2p —4s, compared to 2p—3d) and
also to the smaller density of 4s band states. The
widths of the L3 white lines in Fig. 13 are estimat-
ed from the calculated unfilled 3d-band width
given in Table II. We point out also the weak
feature some 7—9 eV above the L; edge. This
feature is due to excitations to orbitals centered on
neighboring atoms which are primarily of 4p char-
acter but which exhibit some d character at the x-
ray excited atom. Finally, in the case of Cu, where
there are no unfilled 3d states, the resulting struc-
ture is much weaker but, as it turns out, nonethe-
less observable.

In order to connect the calculated spectra with
the observed ones, it is necessary to identify the
several broadening mechanisms. These are (i) the
instrumental energy resolution, (ii) the finite life-
time of the core hole, and (iii) the finite lifetime of
the final excited electron. The instrumental energy
resolution arises mainly from the thermal spread of
the incident electrons. This resolution function,
approximated by a Gaussian about 1.5 eV wide but
varying slightly between runs, can be taken into ac-
count by subtracting in quadrature the beamwidth
from the measured L; width (corrected width
=[(measured width)?— (incident beam width)?]'/?).
The corrected values are listed in the fourth
column of Table II.

Next we consider the intrinsic Lorentzian energy
widths due to the finite lifetime of the core hole
(AE ~#/Tpqe). For the L,; shell of the 3d transi-
tion metals, the most important mechanism for de-
cay is Auger electron emission rather than radia-
tive emission. Table II lists the L; intrinsic widths
I'; compiled by Krause et al.** and shows a varia-
tion between 0.22 eV for Ti and 0.56 eV for Cu.
As discussed by Krause®® and Fuggle et al.>* there
is some uncertainty in the L, width (I";). This is
because a Coster-Kronig decay channel may be
present in the metal even though it is not energeti-
cally possible in the case of single atoms. We have
assumed that this other decay mechanism does oc-
cur and therefore the quantity I', listed in Table II
represents the largest value for the L, width. No-
tice that I', is never more than 0.5 eV greater than
I'; and this difference is considerably smaller than
the instrumental resolution.

An additional initial-state broadening mechan-
ism is the possibility of multiplet splitting of the
L3 levels by interaction with unpaired 3d valence
orbitals. This mechanism might effectively

broaden the L; or L, levels and be confused with

final-state effects. Kowalczyk et al.%! and Fadley
et al.®? have discussed multiplet splitting in terms
of XPS spectra. Differences were observed in the
shapes of the Mn2p;,, and 2p; , peaks in MnF,,%!
suggesting the existence of multiplet effects. It is
not clear to what extent they are present in the
metals but XPS data on Ti and Cu shows 2p; ,
and 2p,,, level widths of only 1 or 2 eV compared
with ~4 eV for MnF,. This indicates that al-
though multiplet splitting occurs in metals, it is
much smaller than in MnF,.

The final mechanism for broadening the theoret-
ically calculated spectra is due to the lifetime of
the excited states. Unfortunately at the energies of
interest here (up to ~20 eV above onset) the life-
time is very sensitive to the band structure of the
unfilled states. Roughly, the final-state width
I'gs(€) increases as (e —eg)* where a lies between 1
and 2 and € —ey is the energy above the Fermi en-
ergy. In copper, ['gg is approximately 2 eV at an
energy 10 eV above the Fermi energy,®* and Miiller
et al. have used the same dependence for Ni.%*
The above broadening mechanisms have been used
to generate theoretical absorption curves which we
now compare with the EELS data. For the cases
of nickel and copper, we show the comparison be-
tween the experimental L,; spectra and the LAPW
calculation convoluted with a Lorentzian whose
width is the sum of the widths from the estimated
initial-® and final-state lifetimes. Since the instru-
mental resolution is not included, the theoretical
spectra correspond to an experiment with infinite
energy resolution, and the corresponding white-line
width should be compared to the corrected widths
listed in Table II. The calculated spectra were
constructed assuming an L;-to-L, intensity ratio
of 2:1 based on the initial-state degeneracies.

Figure 14 shows the calculated and measured Ni
spectra superimposed with equal L; peak intensi-
ties. The calculated Ni L; white line, with a
FWHM of 1.7 eV is significantly narrower than
the EELS peak with a FWHM of 3.2 eV even after
correction to a FWHM of 3.0 eV for instrumental
broadening (see Table II). This difference may be
due either to a neglect of multiplet splitting of the
2p core levels or to an underestimation by theory
of the unfilled 3d-band width. The weak bump
seen above the white line in the calculated curve is
a broadened version of the 4p-4d hybridization
structure noted previously in the unbroadened edge
(Fig. 13). The corresponding experimental bump
(Fig. 14) is weaker and broader than the calculated
feature, and also lies ~1—0.5 eV lower in energy.
The capacity of theory to correctly place this
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FIG. 14. Calculated and measured Ni L,; white-line
spectra.

feature depends on the construction of the effective
potential used in all such calculations. There is the
known difficulty that potentials based on the uni-
form electron gas have in the relative positioning
of the d and s bands. Also, there may be a differ-
ence between the potential appropriate for calculat-
ing excitations compared to the employed potential
which is appropriate to ground-state properties.

As expected from the small calculated unfilled
d-band widths listed in Table II, the broadened
white lines for titanium, chromium, and iron are
systematically about 1 eV narrower than the
corrected experimental result. The weak 4p-4d
bump is evinced in all the calculated transition-
metal L spectra (Ti-Ni). However, inclusion of
the L, edge at the spin-orbit splitting energy ob-
scures this feature in titanium and chromium,
since it coincides with the L, white line. Our ex-
perimental data shows the expected weak max-
imum in both nickel (Figs. 10 and 14) and iron
(Fig. 9), while we find it absent in chromium and
titanium (Figs. 8 and 7) as predicted by the calcu-
lation.

The measured and calculated L,; spectra for
copper are shown in Fig. 15. (The middle EELS
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FIG. 15. Calculated and measured Cu L,; edge spec-
tra.

edge was obtained at better energy resolution but
poorer counting statistics; see III B.) Because the
3d band is entirely filled, there is no white line and
therefore no broadened white-line tail to wash out
the fine structure (a —e) appearing in both the cal-
culated and experimental spectra. The calculated
peaks may be compared to those appearing in the
unbroadened L3 spectrum in Fig. 13 and their rela-
tive positions are in good agreement with experi-
ment. The fine-structure origins are as follows (see
both Figs. 13 and 15). A small tail of the 3d-4s
hybridized band remains unoccupied and a peak
(a) is therefore visible at threshold. The 4p-4d
bump observed in the transition metals appears in
copper as two peaks at 5 eV (b) and 8 eV (c) above
threshold, in good agreement with our experimen-
tal data. The computed L; edge has a peak associ-
ated with a 4d band, which coincides in energy
with the more intense L, edge (d). Consequently,
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this feature is not resolved in either the calculated
or measured L,; spectra because of peak overlap.
Finally, the calculation shows a broad maximum
(e) associated with a 4f band with some d charac-
ter coinciding with the observed rise in our lower
EELS spectrum at 962 eV.

Beside the LAPW study described above there
have been several density of states (DOS) calculat-
ed by various authors?>%~" and in the case of Ni
(Refs. 23 and 69) and V (Ref. 66) the 2p absorption
edges have also been calculated. These calculations
also tend to predict narrower white-line widths
than our measured EELS values. Recent calcula-
tions for the DOS in paramagnetic chromium®’
give an unoccupied 3d-band width of ~2.5 eV,
while our corrected L; white line is 4.3+0.3 eV.
The effect of relaxation broadening on the L; line
shape precludes a direct comparison between these
results, but does not appear to explain this differ-
ence completely. APW computations for the L,
absorption edge in vanadium®® which include both
core-level and final-state broadening yield a width
of ~4 eV. This result is closer to our experimen-
tal values for titanium and chromium, neighboring
elements to vanadium in the Periodic Table.
Theoretical work by Singh et al.®® on ferromagnet-
ic ion considers minority- and majority-spin states
and gives an unoccupied 3d-band width of ~2.2
eV. This compares with our corrected L line-
width of 3.5+0.3 eV. Calculations for nickel have
been carried out by several authors,?>% and
these all show a very narrow spike in the unoccu-
pied d-state density. Determinations of the L ;-
edge shape from the DOS all assume a value for
the intrinsic 2p;,, core-level lifetime. Nagel
et al.® also consider the hot-electron broadening of
the final states and find an L, white-line width of
~2.4 eV, less than our corrected value of 3.0 eV.

*Szmulowicz et al.?® suggest that core-level
broadening alone is sufficient to obtain reasonable
agreement with experiment and these authors cal-
culate an L; linewidth of ~2 e¢V. Anderson
et al.” have carried out a spin-polarized APW
computation and find an unoccupied 3d-band
width of ~0.3 eV, but no determination was made
for the L,; absorption edge.

The other DOS calculations for the transition
metals also predict the weak maximum observed at
several eV energy above the L3 white line. The
computations of Papaconstantopoulos et al.®® for
vanadium explicitly show that this feature arises
from a 4p-4d hybridized band in agreement with
the calculation of Miiller et al.?* A DOS for
chromium by Laurent et al.%” shows a similar

maximum about 8 eV above the sharp 3d peak.
Calculations by Szmulowicz et al.?* and Nagel

et al.% for nickel yield a sharp rise in the p and d
DOS at ~6.5 eV and 8.5 eV, respectively, above
the Fermi level. This feature is visible in both
their calculated L; spectra, which are broadened
by the computed effects of core-level*>® and
final-state® relaxation. Finally, we note that the
calculations of Miiller et al.?* are consistent with
these previous calculations, which is to say they all
do a fair job of explaining the experimental results.

D. White-line intensity ratios

On the basis of the 2j +1 degeneracy of the ini-
tial core states and in a one-electron model, we ex-
pect the ratio of L;-to-L, intensities to be 2:1. As
was mentioned in the Introduction, we find large
departures from this value for the L3 and L, white

Raw Ly - Theory

Broadened Ly — Theory

INTENSITY

Broadened L3 - Theory

EELS L,z - Experiment

)
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FIG. 16. Ti L,; spectrum calculated by assuming a
2:1 L;-to-L, intensity ratio (top three curves). The ex-
perimental spectrum (bottom curve) shows an apparent
reversal of these peak strengths.
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TABLE IIl. L;-to-L, white-line intensity ratios for
the 3d transition metals and their oxides including CuO
determined by area measurements (column 1) and from
the deconvolution (coulmn 2). The result for Cu refers
to the ratio of intensities under the L; and L, steps.

L;-to-L, ratio L;-to-L, ratio

from from
Material areas deconvolution

Ti 0.8 0.7
TiO, 0.8 0.8
Cr 1.2 1.5
Cr,0; 1.7 1.8
Fe 3.0 34
FeO 4.1 5.5
Ni 3.1 3.3
NiO 4.0 3.8
Cu 1.7 2.1
CuO 3.5 3.5

lines in the 3d transition elements.’ To illustrate
that the value cannot be 2:1, we reproduce at the
top of Fig. 16 the calculated unbroadened L3 edge
for titanium (Fig. 13) of Miiller et al. We then
convolute it with a 1.5-eV wide Lorentzian to
simulate the various broadening mechanisms dis-

cussed in the previous sections (second curve). The
broadened L,; edge is then constructed assuming

an L;-to-L, ratio of 2:1 as was done previously for
nickel and copper (third curve). The experimental
spectrum (bottom curve) shows an apparent rever-
sal of the relative L3-to-L, peak intensities predict-
ed by this exercise.

intensity ratios, we consider the integrated area
under each L; and L, peak in Figs. 7—10. We
recall that the final density of states in these tran-
sition metals consists of a narrow sharply peaked
3d density of states embedded in a broad free-
electron-like band, which is relatively flat as a
function of energy. Hence each core edge can be
roughly modeled as the sum of a step function
arising from transitions to the free-electron-like
band and a white line arising from transitions to
the 3d band. To estimate the white-line ratio we
thus extrapolate the step levels back from the tail
ends of each of the L; and L, peaks and measure
the areas above the step functions and below the
peaks. For Ti where the L, and L; edges overlap
strongly, we use an iterative technique to extrapo-
late the outlines of the two peaks. This procedure
gives L3-to-L, white-line ratios of 0.8, 1.2, 3.0, and
3.1:1 for Ti, Cr, Fe, and Ni, respectively. These
are listed in the first column of Table III, together

with values for Cu and the metal oxides. In the
case of Cu, which does not exhibit white lines, the
ratio was taken as the ratio of areas under the L,
and L, steps. A more quantitative estimate of the
intensity ratios can be achieved by another method,
which is independent of the extrapolation pro-
cedure above. First, the background intensity
preceding the edge is subtracted off by fitting to a
power law E ", where E is the energy loss and

r ~3. The spectrum is then deconvoluted by two &
functions separated by the spin-orbit splitting and
whose weights are varied until oscillations in the
result are minimized. This deconvolution may be
justified by a simple argument. Assume that the
measured spectrum S (E) is produced by a core
edge line shape C(E), which includes convolution
by an instrumental broadening function, evinced
with strength g and 4 at the L; and L, energies,
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FIG. 17. Ni L;-edge shape determined by deconvolu-
tion of energy-loss spectrum by a pair of & functions
weighted by 3.3:1 and separated by 17 eV (solid curve).
Deviations from this ratio leave residual peaks (dotted
curve, g /h =5:1) or dips (dashed curve, g /h =2:1) at the
L, energy.
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respectively. Then
S(E)= [ C(E"[g8(E —E(L;)—E')
+h8(E —E(Ly)—E")dE' . (6)

Making use of the convolution theorem we trans-
form to recover the single core edge line shape by

F(S(E))
F(g8(E —E(L3))+h8(E —E(L,))) |’

C(E)=F"!

(7

where F denotes a Fourier transform and F~! its
inverse. Equation (7) gives a rigorously correct
way of removing the L, core edge from the tail of
the L3 edge, providing the two peaks possess iden-
tical line shapes, and hence allows us to measure
g/h despite peak overlap. Incorrect 8-function ra-
tios cause residual peaks or dips at the L, energy
as illustrated in Fig. 17 for Ni where a value of
3:3:1 is found. Values listed for the other metals
and oxides in the second column of Table III agree
well with the area measurements above and are ac-
curate to within +10%. Results show that both Ti
and Cr which are on the left side of the transition
row exhibit less than the statistical ratio, while iron
and nickel together with CuO on the right side ex-
hibit ratios greater than 2:1. The jump ratio for
Cu, also estimated using the deconvolution pro-
cedure, agrees closely with the statistical value.
Hence we deduce that the nonstatistical result in
the other elements and oxides is associated with
the white lines. Table III shows that the L;-to-L,
white-line ratios in the oxides are systematically
higher than in the corresponding metals. The
greatest difference occurs in Fe where the ratio in
the oxide is about 50% larger than that in the met-
al.

Our observed anomalous L;-to-L, white-line ra-
tios in the 3d transition elements may be contrast-
ed with values obtained for the 4d and 5d transi-
tion metals'# and for the lanthanides,”' which all
show L;-to-L, ratios close to the statistical value
of 2:1. We note that departure from a statistical
ratio has been reported for Pt (Ref. 59) but this
was attributed to spin-orbit splitting in the 5d band
giving partly vacant ds,, but filled ds,, states.

The selection rules on j forbid 2p,,,— ds/, transi-
tions so the L, white line is absent. For the 3d
transition metals, however, the spin-orbit splitting
is too small for such an effect to occur.

Our spectrum for Ti agrees with the EELS data
of Trebbia* recorded at about 3 eV resolution.

This author suggests that the observed reversal of

L, and L, intensities is only apparent and is
caused by the natural linewidth being comparable
with the spin-orbit splitting. However, our data
for Ti and TiO, in Fig. 7 recorded at ~1 eV reso-
lution indicates a definite anomaly. Our Ni data
are consistent with XAS measurements of Bon-
nelle,’ who explains an observed L3-to-L, peak
jump ratio of 4:1 in terms of an increased L, level
width. A previous one-electron band calculation
for Ni (Ref. 23) also invokes a greater L, width to
obtain agreement with experiment. As described in
the preceding section this effect arises in the 3d
transition metals because of the Coster-Kronig de-
cay mechanism for the L, hole. However, the
most recent data®>3* show that although this
difference is greatest in Fe and Ni and L, width
exceeds the L; by at most 0.5 eV. Taking into ac-
count our instrumental resolution, we estimate the
total effect on the L3-to-L, integrated intensity ra-
tio as < 10%, and this is unable to explain ade-
quately our measured values.

There are a number of other factors which are
worth discussing in trying to find a possible ex-
planation for the anomalous white-line ratios.
First, we consider measurements of branching ra-
tios in XPS spectra. Significant departures from
the statistical result have been found for the 2p; -
t0-2p1/2 (Ref. 72) and the 2d5/2‘t0‘2d3/2 (Ref. 73)
branching ratios in a number of elements. This
work has mainly been concerned with outer shells,
e.g., 4d excitation in Cd and 5d excitations in
Hg.”* The deviation from the statistical value has
been explained by two effects: slight differences in
the initial-state wave function for j=I +% and
j=Il— —;—, and the difference in kinetic energies of
the outgoing electron for a particular incident pho-
ton energy.”* In the case of 2p excitation in the 3d
transition metals, the difference between the
initial-state 2p3,, and 2p,,, wave functions is very
small as is evident from tabulated relativistic
data.”® The second effect does not apply to x-ray
absorption or electron-energy-loss experiments be-

cause the final-state electron energy is the same for
both the L; and L, excitations. In the XPS exper-

iment, however, the incident photon energy is fixed
and the excited electron kinetic energies differ by
the spin-orbit splitting. The L3 and L, XPS peaks
therefore correspond to different energies above
ionization threshold, and it is not surprising that
the ratio of cross sections for removing ps3,, and
P1,2 electrons departs from 2:1.

Next we consider the effect of multiplet struc-
ture which arises when upon ionization, the angu-
lar momenta of the resulting partially filled core
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shell couple with the angular momenta of various
states of the atom before ionization. Gupta and
Sen’® have calculated the 2p multiplet structure for
3d transition-metal ions with the configuration
p>d™ (n=1,...,9) and the spectra show consider-
able structure. Two main maxima are still visible
at the p;,, and p,,, energies and there appears to
be a decrease in the integrated p;,,-to-p , ratio
with increasing ionic charge for Ti and Cr. This is
an opposite trend to the one observed in the energy-
loss spectra (Table III) which show increased ratios
for the oxides over the metals. The XPS data of
Kowalczyk et al.%! indicates that the integrated
P3,2-to-py  ratio is near 2:1 across the entire
period, suggesting that initial-state multiplet split-
ting cannot account for the observed variation in
the EELS spectra. Nevertheless, their spectra for
Fe and Ni shows a 2p;,, peak broader than the
2p3,, peak and also a subsidiary shoulder on the
2p1,, peak not present on the 2p;,, peak. This is
consistent with our measured L,; spectrum for Fe
and Ni in Figs. 9 and 10, and suggests that differ-
ences in shape between the L, and L3 edges may
be due to multiplet effects. However, this does not
seem to account for the departure from statistical
integrated intensity behavior. Kowalczyk’s data®'
were recorded with an incident photon energy
much greater than the threshold energy so that
final-state effects are unimportant. As far as we
know, no XPS spectra have been recorded for the
3d transition elements at photon energies just
above the 2p threshold. Such data might be ex-
pected to show a L;-to-L, ratio anomaly similar to
ours.”” At these energies a few eV above threshold
the ejected photoelectron stays in the vicinity of
the excited atom until the system can relax, so that
many-electron effects could be present.

Citrin et al.”® have discussed the anomalous L ;-
to-L, ratio of ~3:1 in Na in terms of 2p-3s spin-
orbit exchange. In the presence of spin-orbit in-
teraction, the LS coupling limit and its symmetries
for the electron hole system are destroyed. Since
only singlet components (spin-down core hole) are
affected by exchange, intensity branching ratios
predicted on the basis of spin-orbit splitting alone
can be altered significantly. As described by Ono-
dera” and Kotani et al.® the deviation from the
2:1 statistical value expected on the basis of j-j
coupling depends on the ratio of the singlet-triplet
exchange splitting A to the spin-orbit splitting A.
As A/A— «, the L;-to-L, ratio tends to zero.
However, for a metal such as Na, the exchange in-
teraction can be screened, hence reducing A /A and
mixing the states. For Na both the exchange and

spin-orbit splitting are about 0.2 eV compared with
a spin-orbit splitting of ~6 eV in Ti. Also the ex-
change interaction A is expected to be much small-
er in Ti than in Na because of less overlap of the
conduction states with the initial 2p wave function.
It would therefore be surprising if this same
mechanism could explain our anomalous ratios in
the transition metals.

We should finally mention that anomalous L ;-
to-L, ratios have been observed in some nonmetals.
Zimkina et al.%! found a sulfur L;-to-L, ratio of
0.8:1 in SF¢ gas using x-ray absorption spectros-
copy. This has been discussed by Nielsen et al.®?
in terms of an exchange interaction similar to that
mentioned above. Hitchcock et al.®* have also ob-
served an apparently anomalous ratio in the
2p3,,— 0 and 2p, ,—> o transitions at threshold
in the Cl L,; edge of the chloromethanes. Howev-
er, it was not possible for these authors to attribute
this ambiguously to an anomalous L;-to-L, ratio
since another transition could underly the L, peak.
Thus possible departures from the statistical ratio
have been observed in the /,; edges of elements
quite close to Ti in the Periodic Table. It seems
possible in conclusion that some form of exchange
interaction might be responsible for a breakdown
of the j-j coupling picture in the 3d transition
period.

E. Extended fine structure

We now consider the modulations in the fine
structure extending several hundred eV above the
L,; edges.®* This is seen most clearly in our data
for Cr where the counting statistics are favorable
and no edges interfere with the structure above the
L ,; threshold. The modulations which correspond
to EXAFS in photon absorption are determined by
final-state interference effects between the outgoing
gjected electron wave from the ionized atom and
waves backscattered by the surrounding
atoms.®?>~%7 The oscillatory part of the fine struc-
ture is given by

N; .
it
where k is the ejected electron wave vector, which

is related to the edge energy E, and the energy loss
E by

#k*=E—E, . 9)

Aj(k) in Eq. (8) includes the backscattering ampli-
tude factor, as well as the temperature and electron
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FIG. 18. Calculated radial distribution function in Cr
showing nearest-neighbor distance.

range factors; ¢;(k) is a wave-vector-dependent
phase shift due to the central and backscattering
atom potentials. Data reduction to obtain the radi-
al distribution function normally would proceed as
follows. First, the background after the edge is
carefully removed by fitting the intensity to a low-
order polynomial, usually a cubic. Second, the re-
sulting EXAFS modulations are replotted on a
wave number scale according to Eq. (9). Third,
the backscattering amplitude function contained in
Aj(k) is taken into account by multiplying the
EXAFS by k2,3 the appropriate form for atomic
numbers near Cr. The intensity modulations are
then truncated at k;, and k,,. The lower limit
is chosen to be ~2 A~! (=15 eV) below which the
data is not useful since solid-state effects are dom-
inant. Here the range of the ejected electron is
large causing the band structure of the solid to in-
fluence the spectrum. The upper limit is set by the
energy at which noise begins to dominate or where
another edge occurs. Finally, the magnitude of the
Fourier transform of the data gives the radial dis-
tribution function provided the phase shift ¢;(k) is
taken into account.

In the case of Cr and the other 3d transition
metals, analysis is complicated by the overlap of
the three L edges, whereas for the higher Z ele-
ments these excitations are sufficiently separated in
energy for this not to be a problem. For Cr the
spin-orbit splitting of 9 eV is small compared with

the spacing of extended fine-structure maxima well
above threshold. It is therefore reasonable as a
first approximation to neglect the L, edge. More
serious interference arises from the L (25— p) ex-
citation at 696 eV. As seen in Fig. 4 there is no
sharp edge at this energy, partly because of the
comparatively large intrinsic width of the 2s core
hole. Denley et al.!! in x-ray absorption work on
Ti fitted a cubic polynomial through the broad L,
peak. Instead we multiply by a step function at
this energy so that fits to the background before
and after the L, edge are continuous. When this
background subtraction procedure was used and
the oscillations were scaled by k2, the data was
Fourier transformed to give the radial distribution
function. The k range was truncated at 2 a}nd 10
Al A strong peak at a distance of 2.23 A is seen
in resulting radial distribution function in Fig. 18.
We adopt the calculated phase shift of Teo et al.®
and take only the part linear in k. In fact, Eq. (8)
shows that we should add on half the linear part of
¢;(k) which is ~0.24 A. An upward shift in the
radial distribution function by this amount gives
2.47+0.04 A for the nearest-neighbor distance,

DECONVOLUTED INTENSITY

’ .

L
(o] 100 200 300

VOLTS ABOVE EDGE (eV)

FIG. 19. Results of deconvolution of experimental
L3 spectrum in chromium by a pair of 8 functions
spaced 9 eV apart and weighted 2:1. The L, intensity
was removed first.
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agreeing closely with the known radius of the first
coordination shell at 2.50 A in the bcc lattice of
chromiun.

It is seen that the second coordination shell is
not evident in Fig. 18 even though the resolution
should be adequate. This discrepancy may be re-
lated to our neglect of the L,; spin-orbit splitting.
We have therefore attempted to carry the analysis
further by separating the L; and L, contributions
to the EXAFS. This was done by a deconvolution
in the same way as for determining the L;-to-L,
white-line intensity ratios above, except that a 2:1
weight of the 8 functions was chosen in order to
match the statistical intensity ratio observed in the
XPS data.>* This choice is justified because far
above threshold, the EELS excited electron has a
wave function closely resembling the free-particle
plane-wave state of the ionized electron detected in
XPS. The result of the deconvolution is shown in
Fig. 19 where the L, white line has almost been re-
moved, although a small residual peak still
remains. As described earlier, a 8-function ratio of
1.5:1 is required to remove the L, line completely.
Apart from these differences within the first 10 eV
or so above threshold, there are also differences
compared to the raw data at higher energies.

After the phase shift is added, the computed radial
distribution in Fig. 20 now contains a second peak
at 3.0 A consistent with the known second coordi-
nation shell at 2.9 A. Both peaks in the radial dis-
tribution function are insensitive to the exact
choice of k., and k,, used to transform the
data. A third peak in Fig. 20 at about 4.7 A (after
the phase shift is applied) contains contributions
from higher-order coordination shells which are
not resolved due to our limited counting statistics.
From this analysis, we conclude that it is possible
to interpret the extended fine structure above the
L3 edges in the 3d transition elements, provided
care is taken to separate contributions from all
three L-shell excitations. We have also observed
EXAFS in the L,; edges of transition elements
other than Cr (Figs. 3 and 5) but interference
from other edges (e.g., oxygen K edge in Ti) and
insufficient counting statistics in the case of Ni
and Cu have prevented us from carrying out a de-
tailed analysis.

IV. SUMMARY

We have presented data on the 2p subshell exci-
tation in half of the 3d transition elements and
their oxides, the first such study to be carried out
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FIG. 20. Radial distribution function obtained from
deconvoluted spectrum.

using fast electron scattering, and the first sys-
tematic study across the row by either EELS or x-
ray absorption. The L,; edges are dominated by
strong “white lines” corresponding to transitions to
unoccupied 3d states. It is found that the thresh-
old energy shift between metal and oxide is not the
same as the XPS chemical shift. Differences are
attributed to relaxation effects. We compare our
data with the results of a systematic single-particle
calculation for the metal L; edges by Miiller, Jep-
sen, and Wilkins. The observed and calculated
white-line width decreases with increasing atomic
number across the period, corresponding to a fill-
ing up of the 3d band. However, the experimental-
ly measured widths are generally larger than those
predicted by theory after broadening by the core-
level and final-state lifetimes. Fine structure in the
experimental and theoretical L,; spectra is in good
agreement. An unexpected variation in the L ;-to-
L, white-line intensity ratio has been observed
across the 3d transition row. The ratio is less than
the statistical result of 2:1 for Ti (0.8:1) and Cr
(1.5:1) while it exceeds 2:1 for Fe (3.4:1) and Ni
(3.3:1). A similar result holds for the oxides where
the ratio appears to be greater than in the corre-
sponding metal. This behavior seems to be associ-
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ated with the white lines since Cu with a filled 3d
band shows a statistical L;-to-L, jump ratio. The
explanation for the observed variation is not clear
but it seems possible that there is a breakdown of
Jj-j coupling due to an exchange mechanism. Fi-
nally, we have shown the feasibility of carrying out
EXAFS-type analysis on the 3d transition metal
L,; edges using EELS. We have demonstrated a
possible procedure for separating out the extended
modulations after the two edges. This information
about bond lengths complements the near-edge
data obtained from the white-line shapes, which
contain information about the electronic structure.
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FIG. 1. (a) Electron micrograph of Ni foil showing a
grain size of ~20 to 40 nm. (b) Electron diffraction
pattern of fcc Ni foil. (c) Electron micrograph of NiO
foil showing a grain size of ~2 to 4 um. (d) Electron
diffraction pattern of fcc NiO foil.



